This work aims at improving the textural and whipping properties of whipped cream by the addition of milk fat globule membrane protein.
Introduction
Whipped cream is a popular dairy product that is widely used in different food products, such as cakes, desserts, ice creams, creamy coffees, and pastries. Whipped cream is an example of oil-inwater (O/W) emulsion with high fat content (typically 30-40%). It is processed by whipping dairy cream, to which large quality of gas bubbles is incorporated. During the whipping process, fat globules in the cream are absorbed by serum protein and milk fat globule membrane (MFGM) fractions at the air/water interface. [1, 2] A partial crystal network is formed and then the air bubbles are coated; this phenomenon is called the surface-mediated partial coalescence. [3] In addition to the surface-mediated partial coalescence, churning partial coalescence can also take place between the remaining fat globules in serum. [4] The partial coalescence plays an important role in stabilizing the structure of whipped cream, resulting in its desirable texture. [5] An emulsion system is thermodynamically unstable due to flocculation, creaming, coalescence, phase inversion, and Ostwald ripening. [6, 7] Therefore, some food additives, such as emulsifiers, proteins, or polysaccharides, are usually used to improve the process properties as well as the quality of dairy products. Emulsifiers play an important role in improving the stability of aerated food emulsions by absorbing at the air/water interface, thereby lowering the interfacial tension. [8] Most milk proteins are excellent emulsifiers, which can prevent fat droplets in whipped cream from re-coalescence during emulsification by rapid adsorption at the oil/water interface and the formation of viscoelastic interfacial membranes. [9] [10] [11] Milk fat globule membrane protein (MFGMP), which mainly consists of mucin 1 (MUC), xanthine oxidase (XO), butyrophilin (BTN), and periodic acid-schiff 6 and 7 (PAS6 and PAS7), is a food ingredient with excellent nutritional value and emulsifying property. [12] As an emulsifier, MFGMP can not only lead to desirable processing properties, texture, and stability, but also lead to excellent nutritional value of whipped cream products. Like whey protein and casein, MFGMP can absorb at the interface, whereby reduces interfacial tension, forms emulsions and foams, and stabilizes fat droplets and bubbles. [11] According to the literature, the majority of studies focused on utilizing whey proteins and sodium caseinate to improve the physicochemical and sensory properties of whipped cream, whereas the application of MFGMP in whipped cream has not been reported. Thus, the aim of this study is to investigate the influence of MFGMP levels on physical characteristics and whipping organoleptic properties of whipped cream. The average particle size, partial coalescence of fat, rheological behaviour, the overrun, serum loss, and texture of whipped cream were determined and compared.
Materials and methods

Materials
Raw cream with a range of fat contents (35.5-48.4) was obtained from the dairy after a hot separation (55°C). Oil Red O was purchased from the BIOTOPPED (Beijing, China).
Isolation of MFGMP
The isolation of MFGMP was carried out based on the procedure reported by Lu et al. [13] Four hundred litres of fresh bovine milk was first fractionated by a 9NDS-50A cream separator (Qinghai Kangping, China). The cream was then washed three times with phosphate buffer (0.1 M PBS, pH 6.8), and thereafter centrifuged at 1500 × g for 10 min (the supernatant was discarded). The washed cream was mixed with 0.4% SDS at a 1:1(v:v) ratio, and then sonicated for 1 min. After centrifugation at 1500 × g for 10 min (to remove fat), the bottom fraction containing MFGMP was dialyzed against deionized water and then freeze-dried. The MFGMP isolated from fresh bovine milk contained about 85% protein and 12% lipid.
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) of MFGMP The MFGMP samples were mixed with 0.5 mL of reducing buffer (6% Tris-0.5 M, 10% glycerol, 5% β-mercaptoethanol, 2% SDS, and 0.05% bromophenol blue), then heated in boiling water for 5 min. After centrifugation at 2500 × g for 30 min to remove fat, the supernatants (10 mL) were loaded onto 12% SDS-polyacrylamide gels, which were run at 200 V and molecular mass markers ranging from 14.4 to 116 kDa (TransGen Biotech, Co., Ltd., China) were used. The gels were stained with a solution containing Coomassie Brilliant Blue R-250, and destained with a solution containing methanol and glacial acetic acid at concentrations of 160 and 10 mL/L, respectively.
Production of whipped cream
Whipped cream was produced according to the method reported by Sajedi. [14] Fat content of whipped cream samples was first adjusted to 25% by addition of raw skimmed milk, and various MFGMP (0, 1, 2, 3, 4, and 5wt%) levels were then added. After that, the samples were pasteurized at 85°C for 5 min in a water bath. After the samples were cooled down to 50°C, they were homogenized at 3000 rpm for 3 min using a high-speed homogenizer (High-speed homogenizer, AD200-H, Angli Corporation, Shanghai, China). The resulting cream samples were subsequently stored at 4°C for 24 h to promote the crystallization of fat and the formation of foam during whipping. The whipped cream was then subjected to aeration: (i) a portion of whipped cream sample was whipped using a classic stand mixer for various times (to identify the maximum overrun); and (ii) each remaining sample was then whipped using the optimum time obtained in (i). The physical properties of samples were then examined, and all measurements were performed in triplicate.
Measurement of particle size distribution
The particle size distribution and the average diameter of samples were determined by laser scattering using a Malvern Mastersizer 2000 (Malvern Instruments Ltd, Worcestershire, UK). The samples were dispersed in water prior to the measurement of particle size distribution, and the volume-weighted mean diameter d 3,2 (µm) was used to monitor the changes in the droplet-size distribution. The refractive indices used were 1.458 and 1.460 for milk fat at 633 and 466 nm, respectively, and the refractive index was 1.33 for water. [15] The measurements were carried out in triplicate, from which an average value was calculated. The mean particle size d 3,2 (μm) was calculated using Eq. (1):
where n i is the number of particles with the same diameter and d i is the particle size.
Measurement of overrun
The measurement of overrun was carried out according to the method described by Scurlock. [16] It was performed by filling a tub to a set volume with the whipped cream. The overrun was related to the weight of this volume and the density of the cream before whipping. It was determined according to the following equation:
where M 1 is the weight of unwhipped cream with the set volume (g) and M 2 is the weight of whipped cream with the same volume (g).
Measurement of partial coalescence of fat
The amount of free fat presented in the cream was determined according to the method described by Palanuwech et al. [17] Oil Red O (0.1 mg/g) was stirred overnight in soybean oil using a magnetic stirrer (Meiyingpu Instrument Manufacturing Co., Shanghai, China). The solution's absorbance at 520 nm was measured using a UV-visible spectrophotometer (Shanghai Jingke Industrial Co. Ltd), in which soybean oil was used as a blank. The principle of dilution technique was adopted: a dye solution in a non-polar solvent was poured onto the surface of the cream, and then gently mixed. After gentle centrifugation, the coloured oil was allowed to float on the cream surface and free fat presented in the cream is dissolved in the coloured oil, while other fat is remained in the droplets. The diluted dye solution fraction was transferred from the surface and its absorbance was then measured. The change in absorbance, which indicates the mass fraction that is not emulsified into fat (φ d ), was calculated by Eq. (3):
where φ d is the mass fraction of fat in the cream, m 0 is the weight of the added Oil Red O, m e is the weight of the cream, ɑ is the ratio of absorbances of Oil Red O before and after centrifugation, and ϕ is the mass fraction of oil in the cream.
Measurement of rheological behaviour of whipped cream
The rheological measurements were conducted using a Kinexues rheometer (Malvern Instruments, England), equipped with a serrated parallel plate system (PP25-SN23755; d = 25 mm and gap size of 1 mm) and duplicated measurement. Prior to the tests, all samples' temperatures were equilibrated to 25°C for about 10 min (to ensure a uniform temperature). Frequency sweep measurements were then carried out at a frequency range of 1.0-100 Hz, with 0.5% strain being selected for tests. All measurements were conducted at 25°C, using a 40 mm diameter parallel plate geometry with a 1 mm gap, from which the elastic (G″) and viscous (G″) moduli of whipped cream were obtained.
Determination of serum loss
Thirty milligrams of whipped cream was filtered through a glass filter, which was placed above a 100 mL Erlenmayer flask. After 20 day storage, the amount of serum drained from the whipped cream was gravimetrically determined (in triplicate), and the serum loss was calculated by Eq. (4):
Analysis of textural properties
The hardness, consistency, and viscosity of whipped cream were measured at 10°C by a TA-XT2i texture analyser (Stable Microsystems, Surry, UK) using an aluminium cylinder probe (35 mm diameter). The probe was inserted into the sample at a depth of 25 mm and a speed of 2.0 mm/s, and the force (associated with hardness, consistency, and viscosity) exerted onto the probe was then automatically recorded. Three aliquots containing150 mL of sample were used.
Statistical analysis
The statistical difference between mean values was analysed by the one-factor analysis of the variance and the least significant difference (LSD), in which a significant level was set at 0.05. The LSD values were calculated using Tukey's post hoc test, and all calculations were performed using the Statistical Package for the Social Sciences v. 10.0 (SPSS, Chicago, IL, USA).
Results and discussion
Composition of MFGMP
The MFGMP isolated from fresh bovine milk was analysed by SDS-PAGE (Fig. 1) , which showed that it was composed of MUC, XO, BTN, and periodic acid-schiff 6 and 7 (PAS6 and PAS7); the result is in agreement with previous studies. [1, 18, 19] Additionally, MFGMP sample contained about 85% protein and 12% lipid, as well as small amounts of casein and whey proteins.
Particle size distribution of whipped cream
Particle size distribution, which indicates particle size and its volume percentage, can strongly influence the stability and property of whipped cream. Figure 2 shows the effect of MFGMP levels on the particle size distribution of whipped cream after 20 min whipping. The particle size distribution curve showed two distinguishable peaks at approximately 5 and 80 µm at all MFGMP levels. In addition, the particle size of whipped cream increased with increasing MFGMP levels, for both large and small particle sizes. It is possible that the interaction between mechanical shear and air incorporation during whipping causes the particle size to increase. Moreover, the addition of MFGMP may cause the protein-covered fat droplets to develop into an aggregated network, which can entrap air and increase structural integrity of foam, thus resulting in further increase of particle size. [9, 20] However, because fat dispersion can lead to the formation of thin lamellae between bubbles, which may ultimately destabilize the film and break the air bubble, the dispersion of liquid fat at the air/water interface should be limited. [21] Figure 3 shows the average particle size d 3,2 of whipped cream containing six different MFGMP levels. The data showed that MFGMP levels had a significant influence (p < 0.05) on the average particle size of whipped cream. Additionally, the average particle size d 3,2 of whipped cream was significantly greater (p < 0.05) than that of control. The MFGMP can contribute to a network of partially coalesced droplets in whipped cream, connecting the fat clumps in the bulk and the droplets adhere to the air bubble surface, thus giving structural integrity to the foam and further increasing d 3,2.
[20] Moreover, the interaction between MFGMP and air bubbles during aeration may also cause d 3,2 to increase. [9] The maximum average particle size d 3,2 of 5.05 µm was obtained when 1% MFGMP was added, while smaller d 3,2 of 3.70 µm was obtained when 5% MFGMP was added (Fig. 3) . The average particle size d 3,2 of whipped cream decreased with the increase of MFGMP levels; such a decrease was, however, not significant at a MFGMP level range of 2-5%. Although the effect of MFGMP levels on the average particle size d 3,2 of whipped cream has not been studied previously, Zhao et al. [22] have reported that high concentration of sodium caseinate or whey protein decreased the average particle size of cream. With the increase of MFGMP levels, MFGMP molecules may be competitively adsorbed onto the surface of fat droplets, thereby changing its surface tension and decreasing its particle size. On the other hand, the increase of MFGMP levels can cause the emulsion capacity to increase, which may thus limit the increase of average particle size d 3,2 .
Effect of MFGMP on partial coalescence of fat
The partial coalescence of fat was determined by examining free fat in whipped cream. As shown in Fig. 4 , the effect of MFGMP levels on the partial coalescence of fat in whipped cream was dose dependent; the partial coalescence of fat gradually increased with increasing MFGMP levels. The correlation between MFGMP levels and partial coalescence of fat was positive. The partial coalescence of fat in whipped cream was distinctly improved with increasing MFGMP levels. After 20 min whipping, the partial coalescence of fat in whipped cream containing 1% MFGMP was 25.15%, while that in whipped cream containing 5% MFGMP was 68.76%. This result indicated that MFGMP could effectively alter the partial coalescence of fat in whipped cream. The partial coalescence of fat plays an important role in controlling the stability and in turn the desirable quality of whipped cream. [23, 24] The higher the partial coalescence of fat in whipped cream, the higher the stability of whipped cream. Therefore, controlling the stability of whipped cream through partial coalescence of fat can be critical for the quality of whipped cream. The coalescence usually involves the combination of two or more droplets that leads to the formation of foam, as well as the protein-covered fat droplets, which promote the incorporation of air into whipped cream. When fat globules enter into an air bubble surface, the oil from a fat crystal network is spread over the bubble surface; two adjacent fat globules on the bubble surface can easily form a junction; thus, a partial coalescence is established and the bubble size becomes larger. [3, 25] Furthermore, if protein molecules are unfolded during the whipping process, the foaming property of whipped cream can also be improved. [26] This is in alignment with our results, in which the particle size of whipped cream was increased with the increase of MFGMP levels. An increase in partial coalescence of fat can be beneficial to the stability of whipped cream; however, an increase that occurs too quickly may result in destabilising. [27] Therefore, a moderate coalescence of fat that results in desirable whipped cream is favourable.
Effect of MFGMP on the overrun
The overrun is an indicator of gas holdup or the percentage of gas in whipped cream. [28] A maximum overrun indicates maximum foam stability and stiffness. [29] The effect of MFGMP levels and whipping time on the overrun of whipped cream is shown in Fig. 5 , which showed that the correlation between whipping time and overrun of whipped cream was positive. The overrun increased with the increase of whipping time, from 0 to 24 min, and such increasing trend became insignificant after 16 min whipping time. The addition of MFGMP into the cream may contribute to the whipping process by incorporating a large quantity of air. With extended whipping time, larger quantity of air may be incorporated into the cream being whipped, which can result in higher overrun. All air bubbles, in this case, are encapsulated by coalesced fat droplets distributed around the air/slurry interface. Therefore, a moderate MFGMP level can provide more opportunity for air to incorporate into whipped cream, thus reinforcing the stability of already incorporated air. [9] Effect of MFGMP on rheological behaviour of whipped cream Analysis of rheological properties can provide information on the effect of MFGMP on rheological behaviour of whipped cream. Figure 6 shows the frequency sweeps of whipped cream containing different MFGMP levels. While both were low frequency dependent, the storage modulus G′ values were higher than the loss modulus G″ values, which indicate that the whipped cream has a behaviour of a typical weak gel system. [30] Moreover, both the storage modulus G′ and the loss modulus G″ values increased with increasing MFGMP levels, indicating that MFGMP increases the rigidity of whipped cream, causing it to have a solid-like behaviour (G′ > G″). It also appears that MFGMP was adsorbed at the oil/water interface, and a pseudo-gel network was then formed; and as a result, G′ and G″ were increased. The findings showed that the addition of MFGMP into whipped cream caused higher G′ and G″, which in turn caused stronger molecular protein network.
Effect of MFGMP on serum loss of whipped cream
The serum loss of whipped cream during storage can provide an insight into the relationship between the partial coalescence of fat and the stability of product. The effect of MFGMP levels on the serum loss of whipped cream (Fig. 7) illustrated that the serum loss of whipped cream increased with the increasing storage time of up to 10 days, while presented a stable trend after 10 days. In addition, higher MFGMP level caused lower serum loss. These can be explained as follows: (i) higher level of MFGMP may better arrange fat crystals at the O/W interface, causing a more orderly arranged structure of whipped cream, resulting in unlimited water leakage during storage; and (ii) the presence of higher amounts of protein components of MFGMP, such as XO and BTN, which have good emulsion ability, may lead to higher water-holding capacity and in turn reduce the serum loss. [31] 
Effect of MFGMP on texture of whipped cream
Obtaining desirable textural characteristics is one of the goals in food production.
[32] Figure 8 shows the effect of MFGMP levels on the hardness, consistency, and viscosity of whipped cream. The hardness and the consistency, which reflect whipped cream's gel strength, were similar in all MFGMP levels; the hardness and consistency increased with the increase of MFGMP levels. The increase of such properties during storage may be resulted from late crystallization in whipped cream. During storage, late crystallization may take place, in which partial coalescence between fat globules in O/W emulsion is induced. Fat globules are merged and then formed bigger butter granules, which lead to the release of serum and rearrangement of whipped cream structure. As a result, the hardness and the consistency of whipped cream were increased.
Viscosity is another important property, which indicates the organoleptic quality and acceptability of whipped cream. It can be expressed as flow rate per unit force. [33] Viscosity plays an important role in the properties of whipped cream, including overall mouth feeling, fat/water interface, air/water interface, and texture, which are highly linked to consumers' preferences. The viscosity of whipped cream was substantially improved after MFGMP was added. Whipped cream containing MFGMP had higher viscosity than control. Although the viscosity of whipped cream containing 1% MFGMP was slightly higher than that of whipped cream containing 5% MFGMP, the difference was not significant (p > 0.05). While MFGMP may be used as a stabilizer, it may also be used as an emulsifier. Because MFGMP can bind water and thus reduce water flow in the matrix, the whipped cream containing MFGMP had higher viscosity. In addition, MFGMP may act as a foam stabilizer; it can be adsorbed at the air/water interface, forming viscoelastic layers, resulting in a high viscosity protein network. [34] These possible functions of MFGMP may explain its involvements in the improved textural properties of whipped cream. The MFGMP at the fat/water and air/water interfaces may be incorporated into whipped cream to provide a more desirable physical structure of the final product. [35] These findings demonstrated that MFGMP could effectively improve the texture of whipped cream by increasing its hardness, consistency, and viscosity.
Conclusion
In summary, MFGMP could effectively improve the rheological behaviour and textural and whipping properties of whipped cream. The results showed that the particle size of whipped cream and the partial coalescence of fat in whipped cream were increased with the increase of MFGMP levels. In addition, both whipping time and MFGMP levels had positive effects on the overrun of whipped cream, and whipped cream containing MFGMP had reduced serum loss while improved stability. Moreover, MFGMP altered the rheological behaviour and increased hardness, consistency, and viscosity of whipped cream; however, MFGMP levels had no significant effect on viscosity. In future work, the effect of MFGMP on microstructure of whipped cream will be investigated. The study can be useful for better understanding the effects of MFGMP so that it can be better used.
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